Halo formation and control in space-charge-dominated electron and ion beams are investigated in parameter regimes relevant to the development of high-power microwave (HPM) sources and highintensity electron and ion linear accelerators. In particular, a mechanism for electron beam halo 
I. INTRODUCTION
One of the most challenging tasks in the development of high-intensity microwave sources and highintensity particle accelerators is to prevent intense electron or ion beams from beam losses [1, 2] . In high-intensity microwave sources, such as those considered for directed energy applications and for powering the next linear collider (NLC), a small fractional loss of electrons into the radio-frequency (rf) structure will inevitably induce secondary emission of electrons which, in the presence of intense rf fields, may cause an avalanche of secondary electron emission and subsequent plasma formation and alteration in the frequency response or dispersion characteristics of the rf structure. It is likely that a sequence of such events ultimately leads to rf pulse shortening in high-power microwave (HPM) sources [1, [3] [4] [5] [6] [7] . In high-intensity electron or ion accelerators, such as high-gradient electron linacs, rf proton linacs for spallation neutron source, and induction linacs for heavy ion fusion applications, losses of electrons or ions in the accelerating structure may also result in intolerable radioactivity in the structure [8] , in addition to the secondary emission of electrons and/or ions.
While disruptive beam loss is caused by violent instabilities such as the beam-breakup (BBU)
instability [9] [10] [11] in the beam, mild beam loss is often associated with the formation of a tenuous halo [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] around a dense core of a beam, making physical contact with the inner wall of a microwave tube or accelerator. From the point of view of beam transport, there are two main processes for halo formation in high-intensity particle (electron or ion) beams. One process is caused by a mismatch in the root-mean-square (rms) beam envelope [12] [13] [14] [15] , and the other is due to a mismatch in the particle phase-space distribution relative to an equilibrium distribution [16] [17] [18] [19] [20] [21] . Both processes can occur when the beam intensity is sufficiently high, so that the particle beam becomes space-charge-dominated.
For a periodic focusing channel with periodicity length S and vacuum phase advance σ 0 , a spacecharge-dominated beam satisfies the condition [20] = is the normalized rms emittance in meter-radians, and S is in meters.
In this paper, halo formation and control in space-charge-dominated electron and ion beams are investigated in parameter regimes relevant to the development of HPM sources and high-intensity electron and ion linacs. A mechanism for electron beam halo formation is identified in high-power periodic permanent magnet (PPM) focusing klystron amplifiers. A new class of cold-fluid corkscrewing elliptic beam equilibria is discovered for ultrahigh-brightness, space-charge-dominated electron or ion beam propagation through a linear focusing channel consisting of uniform solenoidal magnetic focusing fields, periodic solenoidal magnetic focusing fields, and/or alternating-gradient quadrupole magnetic focusing fields in an arbitrary arrangement including field tapering. As an important application of such new cold-fluid corkscrewing elliptic beam equilibria, a technique is developed and demonstrated for controlling of halo formation and beam hollowing in an rms-matched ultrahigh-brightness ion beam as it is injected from an axisymmetric Pierce diode into an alternating-gradient magnetic quadrupole focusing channel. In these studies, two-dimensional cold-fluid and self-consistent electrostatic and magnetostatic models are used whenever appropriate. The self-consistent model is based on a Green's function technique rather than a particle-in-cell (PIC) technique.
In the study of electron beam halo formation in high-power PPM focusing klystron amplifiers, the two-dimensional self-consistent electrostatic and magnetostatic model [15] for the transverse beam dynamics is used to analyze equilibrium beam transport in a periodic magnetic focusing field in the absence of radio-frequency signal, and the behavior of a high-intensity electron beam under a currentoscillation-induced mismatch between the beam and the periodic magnetic focusing field during highpower operation of the device. Detailed simulation results are presented for choices of system parameters corresponding to the 50 MW, 11.4 GHz periodic permanent magnet (PPM) focusing klystron experiment [22] performed at the Stanford Linear Accelerator Center (SLAC). It is found that sizable halos appear once the beam envelope undergoes several oscillations.
In the analysis and applications of cold-fluid corkscrewing elliptic beam equilibria, the steady-state cold-fluid equations are solved with general magnetic focusing field profile. Generalized beam envelope equations for equilibrium flow are obtained. It is shown that limiting cases of cold-fluid elliptic beam equilibria include the familiar cold-fluid round rigid-rotor beam equilibrium in a uniform magnetic focusing field [23] [24] [25] and both the familiar round rigid-rotor Vlasov beam equilibrium [26] [27] [28] in periodic solenoidal focusing field and the familiar Kapchinskij-Vladimirskij beam equilibrium [29] in alternating-gradient quadrupole magnetic focusing field in the zero-emittance limit. As a simple example, a cold-fluid corkscrewing elliptic beam equilibrium in a uniform magnetic focusing field is discussed. As 
II. MODELS AND ASSUMPTIONS
We consider a thin, continuous, space-charge-dominated charged-particle beam propagating with axial velocity 
In Eq. (1), s z = is the axial coordinate, 
In the present analysis, we consider the transverse electrostatic and magnetostatic interactions in the beam. We make the usual paraxial approximation, assuming that (a) the Budker parameter is small compared with γ b , i.e., 1 / , (b) the beam is thin compared with the characteristic length scale over which the beam envelope varies, and (c) the kinetic energy associated with the transverse particle motion is small compared with that associated with the axial particle motion. In the following, we present steady-state cold-fluid equations describing equilibrium beam propagation in the magnetic focusing field defined in Eq. (1), and a two-dimensional self-consistent model describing the transverse dynamics of the beam.
A. Steady-State Cold-Fluid Equations
For an ultrahigh-brightness beam, such as a high-intensity heavy ion beam, kinetic (emittance) effects are negligibly small, and the beam can be adequately described by cold-fluid equations. In the paraxial approximation, the steady-state cold-fluid equations for time-stationary flow ( ) 
B. Two -Dimensional Self-Consistent Model
For moderately high-brightness beams, such as electron beams in high-power PPM focusing klystron amplifiers, kinetic (emittance) effects play an important role in the beam dynamics, and the evolution of the phase space of such beams must be studied. In the paraxial approximation, the selfconsistent electrostatic and magnetostatic interactions in such a charged-particle beam can be described by a two-dimensional model involving N p macroparticles (i.e., charged rods). In the laboratory frame, the transverse dynamics of the macroparticles is governed by [15, 30, 31] The two-dimensional self-consistent model described by Eqs. (5) and (6) 
III. ELECTRON BEAM HALO FORMATION IN PPM FOCUSING KLYSTRONS
In this section, we study the dynamics of relativistic electron beams in high-power PPM focusing klystron amplifiers. Of particular interest are the properties of equilibrium beam transport in the absence of rf signal and the mechanism for electron beam halo formation during high-power operation of such a device. To make comparisons with experiment, the following analysis is carried out with system parameters corresponding to those in the SLAC 50 MW, 11.4 GHz PPM focusing klystron experiment [22] .
A. Equilibrium Beam Transport
In the absence of rf signal, the relativistic electron beam propagates through the PPM focusing field in an equilibrium state. It has been shown previously [26] [27] that one of the equilibrium states for the system described by Eqs. (5) and (6) We analyze the beam envelope for equilibrium beam transport in the SLAC 50 MW, 11.4 GHz PPM focusing klystron experiment [22] . The system parameters of the experiment are shown in Table   1 . To examine the influence of small residual magnetic field on the beam transport, we analyze two different cases shown in Table 2 . In Case I, we assume no residual magnetic field at the cathode, such
. In Case II, however, a residual field of 6.86 G is assumed, corresponding to a beam with a finite canonical angular momentum given by 
B. Halos Induced by Large-Amplitude Current Oscillations
Microwave generation in a klystron is due to the coupling of large-amplitude charge-density and current oscillations in the electron beam with the output rf cavity or structure. The charge-density and current oscillations result from the beating of the fast-and slow-space-charge waves on the electron beam, and are primarily longitudinal. From the point of view of beam transport, the charge-density and current oscillations perturb the equilibrium beam envelope. Although a quantitative understanding of the effects of such large-amplitude charge-density and current oscillations on the transverse dynamics of the electron beam requires three-dimensional modeling which is not available at present, a qualitative twodimensional study of such effects is presented in the remainder of this section.
The amplitude of the envelope mismatch induced by longitudinal current oscillations can be estimated using the standard one-dimensional fluid model based on the continuity, Lorentz force and full
Maxwell's equations. It follows from the linearized continuity equation that the current perturbation
is related to the axial velocity perturbation ( )
by [33, 34] ( ) ( )
where subscripts f and s denote the fast-and slow-space-charge waves, respectively, and ω and
are the frequency and wave numbers of the perturbations, respectively. Making the longwavelength approximation for a thin beam, it can be shown that the dispersion relations for the fast-and slow-space-charge waves can be expressed as [33] ω β ε
where k f assumes plus sign, and k s assumes minus sign. In Eq. (12), ε sc is the longitudinal spacecharge coupling parameter. The effective value of ε sc is estimated to be = sc ε 0.012 for the SLAC PPM focusing klystron [22] . In the klystron, the total current oscillations are the sum of fast-and slowspace-charge waves with a phase difference of ~180 o . As a result, the total current oscillations and the total velocity oscillations are out of phase by ~180 o . Therefore, the amplitude of the total current oscillations is given by 
For the SLAC PPM focusing klystron, Eq. (14) yields The process of halo formation in intense electron beams is studied using the two-dimensional selfconsistent model described in Sec. II.B. In the simulations, 4096 macroparticles are used, and the macroparticles are loaded according to the rigid-rotor Vlasov distribution [26] with an initial beam radius of ( ) which requires three-dimensional modeling, is not included in the present two-dimensional simulation. In the limited space of this paper, we discuss only the results of the self-consistent simulation for Case I, although the effect of small residual magnetic field at the cathode in the halo formation process is also studied for Case II and is reported elsewhere [32] . Figure 3 shows the phase-space distributions of the electrons at several axial distances during the fourth period of the beam core radius oscillation for Case I. In contrast to the equilibrium phase-space distribution (Fig. 2) show that there will be 1.5% beam electron loss. In terms of beam power loss, 1.5% beam electron loss in the simulation corresponds to 0.2% beam power loss because the lost electrons have given up 88% of their kinetic energies (or have slowed down by about a factor of 2 in their axial velocities). The simulation results agree qualitatively with 0.8% beam power loss observed in the experiment [22] . The discrepancy between the simulation and experimental measurements may be caused by nonlinearities in the applied magnetic fields which are not included the present simulation.
As the beam propagates in the focusing field, its distribution rotates clockwise in the ( )
phase space, as shown in Figs. 3(f) to 3(j). The particles are initially dragged into the halo at the edges of the phase space distribution, where a chaotic region is formed around an unstable periodic orbit that is located just outside the beam distribution [13] . The unstable periodic orbit is a result of a resonance between the mismatched core envelope oscillations and the particle dynamics. As the halo particles move away from the beam core, the influence of space charge forces decreases and these halo particles start rotating faster than the core particles, creating the S-shaped distributions observed in Figs It is interesting to note that once the halo is developed, the halo radius and core envelope radius oscillate in opposite phase, with the former being maximum when the latter is minimum [as seen in Fig. 3(c) ] and vice versa.
To summarize briefly, we studied equilibrium beam transport in a periodic magnetic focusing field in the absence of RF signal and the behavior of a high-intensity electron beam under a current-oscillationinduced mismatch between the beam and the magnetic focusing field. Detailed simulation results were presented for choices of system parameters corresponding to the SLAC 50 MW, 11.4 GHz periodic permanent magnetic (PPM) focusing klystron experiment [22] . We found that in the absence of RF signal, the equilibrium beam transport is robust, and that there is no beam loss in agreement with experimental measurements. During the high-power operation of the klystron, however, we found that the current-oscillation-induced mismatch between the beam and the magnetic focusing field produces large-amplitude envelope oscillations whose amplitude is estimated using a one-dimensional cold-fluid model. From self-consistent simulations, we found that for a mismatch amplitude equal to the beam equilibrium radius, the halo reaches 0.64 cm in size and contains about 1.5% of total beam electrons at the RF output section for a beam generated with a zero magnetic field at the cathode. In terms of beam power loss, 1.5% beam electron loss in the simulation corresponds to 0.2% beam power loss because the lost electrons have given up 88% of their kinetic energies, which agrees qualitatively with 0.8% beam power loss observed in the experiment [22] .
IV. CORKSCREWING ELLIPTIC BEAM EQUILIBRIA
In this section, we show that there exists a class of solutions to the steady-state cold-fluid equations (2)-(4) which, in general, describe corkscrewing elliptic beam equilibria [35] for ultrahigh brightness, space-charge-dominated beam propagation in the linear focusing channel defined in Eq. (1).
We seek solutions to Eqs. (2)- (4) of the form [35] ( )
In Eqs. (15) and (16), (17) where the 'prime' denotes derivative with respect to s ,
, and use has been made of
for any vector field F .
Since Eq. (17) must be satisfied for all x and ỹ , the coefficients of the terms proportional to Θ , δ 
where the functions ( ) To solve the force equation (4) we substitute Eqs. (15), (16), (18)- (20) . We obtain
in the x and ỹ directions, respectively. In Eq. (21), 
Since Eqs. (21a) and (21b) must be satisfied for all x and ỹ , we obtain the generalized beam envelope
Making use of Eq. (22), we can express the generalized beam envelope equations as [35] ( ) 
Equations (18) and ( , it can be shown that Eq. (24) has the following two branches of physically acceptable special solutions: Figure 6 shows the regions in parameter space for the confinement of corkscrewing elliptic beam equilibria in a uniform magnetic field applicable for both positively and negatively charged particle beams. It is important to point out that the familiar cold-fluid round rigid-rotor beam equilibria [23] [24] [25] are recovered in the present analysis by setting 
V. CONTROL OF HALO FORMATION AND BEAM HOLLOWING
As discussed in the Introduction, one of the key mechanisms for halo formation in high-intensity electron or ion beams is due to a mismatch in the particle phase-space distribution relative to an equilibrium distribution. In general, distribution mismatch can lead to rather complex evolution in a beam, including not only halo formation but also beam hollowing. This mechanism for halo formation and beam hollowing occurs for rms matched beams because rms beam matching does not necessarily guarantee the beam in an equilibrium state.
For example, both halo formation and beam hollowing were observed in the heavy ion beam injector experiment at Lawrence Berkeley National Laboratory (LBNL) [19] , in which an ultrahighbrightness, space-charge-dominated potassium ion beam was generated with an axisymmetric Pierce diode and then accelerated by a set of electrostatic quadrupoles. More recently, experimental evidence of beam hollowing was found in a high-brightness, space-charge-dominated electron beam experiment at University of Maryland [37, 38] .
As an important application of the equilibrium beam theory presented in Sec. IV, we develop and demonstrate a technique for controlling of beam halo formation and beam hollowing in ultrahighbrightness beams. This technique is widely applicable in the design of ultrahigh-brightness beams, and is effective before any collective instability develops to reach considerably large amplitudes.
To demonstrate the efficacy of this technique, we consider here a specific example, namely, the matching of a round particle beam generated by an axisymmetric particle source into alternating-gradient 
where ν is a parameter that measures the nonlinearity in the velocity profile. For example, an initial velocity profile with 0 > ν in Eq. (31) may model the effects of the concave shape of an Pierce-type ion diode [19] . For equilibrium beam propagation, ν = 0 .
The rms matching is obtained by numerically solving the rms envelope equations [39] 0 ) ( 2 ) ( , , ( ) . In Fig. 10(b) , the radial distribution of 3072 macroparticles at s S / . = 2 5 shows that the density at the edge is twice the density at the center of the beam, and that there is a small halo extending outward beyond the radius where the density reaches its maximum. The partially hollow density profile shown in Fig. 10(b) is similar to, but not as pronounced as, that observed in the heavy ion beam injector experiment at LBNL [19] . In contrast to the case with ν = 0 25
. , the beam propagates in an equilibrium state for ν = 0 without beam hollowing and without any significant beam halo formation, as shown in Fig. 10(a) .
VI. CONCLUSIONS
Halo formation and control in space-charge-dominated electron and ion beams have been investigated analytically and computationally in parameter regimes relevant to the development of highpower microwave (HPM) tubes and high-intensity electron or ion linear accelerators. In particular, a mechanism for electron beam halo formation was identified in high-power periodic permanent magnetic focusing klystron amplifiers, and a new class of cold-fluid corkscrewing elliptic beam equilibria was discovered for ultrahigh-brightness beam propagation in linear focusing channel consisting of uniform and periodic solenoidal and alternating-gradient quadrupole magnetic fields in an arbitrary arrangement including field tapering.
In the exploration of electron beam halo formation in PPM focusing klystron amplifiers, equilibrium beam transport was analyzed in a periodic magnetic focusing field in the absence of RF signal, and the behavior of a high-intensity electron beam was studied under a current-oscillation-induced mismatch between the beam and the magnetic focusing field. Detailed simulation results were presented for choices of system parameters corresponding to the SLAC 50 MW, 11.4 GHz periodic permanent magnetic (PPM) focusing klystron experiment. It was found that in the absence of RF signal, the equilibrium beam transport is robust, and that there is no beam loss in agreement with experimental measurements. During high-power operation of the klystron, however, it was found that the currentoscillation-induced mismatch between the beam and the magnetic focusing field produces largeamplitude envelope oscillations whose amplitude was estimated using a one-dimensional cold-fluid model. Self-consistent simulations showed that for a mismatch amplitude equal to the beam equilibrium radius, the halo reaches 0.64 cm in size and contains about 1.5% of total beam electrons at the RF output section for a beam generated with a zero magnetic field at the cathode. Because the halo radius is greater than the actual beam tunnel radius, these halo electrons are lost to the waveguide wall, yielding 0.2% beam power loss. The simulation results agree qualitatively with 0.8% beam power loss observed in the experiment [22] . The discrepancy between the simulation and experimental measurements may be caused by nonlinearities in the applied magnetic fields which are not included the present simulation.
In the analysis and applications of cold-fluid corkscrewing elliptic beam equilibria, the steady-state cold-fluid equations were solved for an ultrahigh-brightness, space-charge-dominated beam in general . .
